I. INTRODUCTION
Basic understanding of the growth process of the industrially widely applied material hydrogenated amorphous silicon (a-Si:H) from SiH 4 plasmas requires a detailed analysis of the plasma reactions, plasma composition, and contribution of plasma species to film growth. In addition to the long-lived SiH 3 radical, which is generally accepted to be the main precursor for a-Si:H film growth in most types of plasmas, also very reactive and thus short-lived radicals such as SiH 2 , SiH, and Si are of interest. Due to their high gas phase and surface reactivity, these radicals generally have a low density in the plasma, but they can, nevertheless, still have a significant effect on the film properties.
The investigation of these low-density radicals requires very sensitive diagnostic techniques. In addition to mass spectrometry, [1] [2] [3] laser-induced fluorescence ͑LIF͒ based techniques, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] ultraviolet absorption spectroscopy, [14] [15] [16] and intracavity 17, 18 and infrared laser 19, 20 absorption techniques, recently also cavity ring down absorption spectroscopy ͑CRDS͒ has been introduced in the field of SiH 4 plasmas. This sensitive, and relatively easy-to-apply diagnostic technique 21 has already been used for the detection of SiH 3 , [22] [23] [24] SiH 2 , 18 and nanometric Si-based particles. 25 Compared to the LIF based techniques, the advantage of CRDS is that absolute radical densities can easily and sensitively be determined from the measurements without an elaborate calibration procedure. A disadvantage, however, is that an Abel inversion procedure is necessary to obtain spatially resolved information. In addition to the previous CRDS measurements of SiH 3 , [22] [23] [24] in this article we will present CRDS measurements of Si and SiH in the expanding thermal plasma.
The expanding thermal plasma ͑ETP͒ is a remote plasma technique, which is capable of depositing device quality a-Si:H at rates up to 10 nm/s. [26] [27] [28] Besides the study of the a-Si:H film properties obtained by the ETP technique, also the plasma chemistry and the contribution of plasma species to film growth are fully investigated. In previous articles, it has been demonstrated that the dissociation of SiH 4 in the ETP is either governed by ion-induced reactions for a purely Ar operated plasma source or by atomic hydrogen reactions when relatively high H 2 flows are added to the Ar. 3, 24, 29 In Fig. 1 , an overview is given of the contribution to film growth of species that have been investigated in detail so far as a function of this H 2 flow. It has been found that for all plasma conditions, the deposition process is dominated by neutral species, 29 also for very low H 2 flows where Ar ϩ governs the dissociation of SiH 4 . Figure 1 shows furthermore that at high H 2 flows ͑Ͼ7.5 sccs͒, the deposition rate can almost completely be explained by the contribution of SiH 3 radicals to film growth ͑estimated contribution ϳ90%͒.
3,24
The formation of SiH 3 is due to the hydrogen abstraction reaction HϩSiH 4 →SiH 3 ϩH 2 ͑1͒
by H emanating from the cascaded arc plasma source. For these conditions, the best film properties for the application of the a-Si:H in, e.g., thin film solar cells, are obtained at deposition rates up to 10 nm/s. [25] [26] [27] Additionally, Fig. 1 reveals that when going to the ion dominated region by reducing the H 2 flow in the cascaded arc, the contribution of SiH 3 to film growth decreases 3, 24 while under these conditions also relatively poor a-Si:H film properties are obtained. 25, 27 This change has been attributed to the fact that Ar dissociation of SiH 4 leads primarily to the production of very reactive radicals such as SiH 2 , SiH, and Si. In this article, therefore, the role of SiH and Si under different conditions will be addressed by means of absolute density measurements. Their contribution to film growth will be presented and it will be discussed whether these kinds of radicals govern film growth at very low H 2 flows. After a presentation of the experimental setup in Sec. II, the procedure for the SiH and Si measurements and their absolute density determination will be discussed in Sec. III. In Sec. IV A, the production and loss mechanisms of the radicals will be considered and in Sec. IV B, their density and contribution to film growth as a function of the H 2 flow in the Ar-H 2 operated plasma source will be presented and discussed. Finally, the conclusions will be given in Sec. V.
II. DEPOSITION SYSTEM AND OPTICAL SETUP
The ETP setup, schematically depicted in Fig. 2 , is extensively described in Refs. 29 and 30 and is only briefly presented here. In a cascaded arc plasma source, an Ar or Ar-H 2 plasma is created at subatmospheric pressure ͑ϳ400 mbar͒. At the arc outlet, the plasma expands into a lowpressure deposition chamber ͑ϳ0.20 mbar͒ where SiH 4 is admixed to the plasma by an injection ring. The cascaded arc is current controlled at 30-75 A and is typically operated on an Ar flow of 55 sccs ͑i.e., standard cm 3 s
Ϫ1
͒ and H 2 flows varying between 0 and 15 sccs. The electron temperature in the expansion is very low ͑ϳ0.1-0.3 eV͒. Depending on the H 2 flow, the cascaded arc acts therefore predominantly as an Ar ϩ ion source ͑at no and very low H 2 flows͒ or as a H source with a small contribution of mainly H ϩ ions ͑H 2 flow у5 sccs͒. [29] [30] [31] The dissociation of the injected SiH 4 , at flows between 0.5 and 10 sccs, is, therefore, either Ar ϩ or H dominated, depending on the H 2 flow. 3 For the CRDS measurements, an optical cavity has been created with its axis at 3.6 cm from the substrate holder ͑see Fig. 2͒ by two highly reflective mirrors ͑Laser Optik, Ϫ100 cm radius of curvature, 2.5 cm diameter͒. 22, 23 For the SiH measurements, mirrors with a reflectivity of 99.6% at 414 nm have been used and for the Si measurements mirrors with a reflectivity of 98.2% at 251 nm. The mirrors have been positioned 108 cm apart on flexible bellows and protected against deposition by a small Ar flow. 22, 23 Laser radiation has been produced by means of a tunable dye laser ͑Sirah PrecisionScan-D͒ pumped by a frequency-tripled ͑355 nm͒ Nd:YAG-laser ͑Spectra-Physics/Quanta Ray DCR-11, 5 ns pulse duration, 10 Hz repetition rate͒. For the SiH measurements, the dye laser has been operated on an Exalite 411 dye solution yielding radiation in the range of 405-414 nm with a laser linewidth of 3 pm. For the Si measurements, the dye laser has been operated on a Coumarine 503 dye solution and the radiation has been frequency doubled with a BBO crystal to obtain radiation in the range of 245-255 nm. For both wavelength regions, only the oscillator and the preamplifier of the dye laser have been used, resulting typically in 10 J light pulses. In order to avoid optical saturation, the laser intensity has further been reduced by using one or two filters before it is introduced into the cavity. At the other side of the cavity, the light leaking out at the second mirror has been passed through a filter ͑20 nm width around 425 nm for SiH, 10 nm width around 250 nm for Si͒ and has been measured by a photomultiplier ͑Hamamatsu R928͒. A digital 500 Ms/s, 100 MHz oscilloscope ͑Tektronix TDS340a͒, triggered by the Nd:YAG laser, has been used to measure the photomultiplier signal and transients have been averaged over 16 or 64 laser shots. From a weighted least-squares fit of the logarithm of the transient data, the ring down time at a laser wavelength has been determined which is equal to
where d is the length of the cavity, c the speed of light, and R the reflectivity of the mirrors. section and the line-integrated density of the absorbing species ͐n dl forms the absorption. In the experiments described, for every measurement has first been determined either without SiH 4 gas or without plasma, and then for the SiH 4 containing plasma. From the difference in for both situations, the absorption by Si or SiH has been calculated. The calculation of their total density from the absorption values is addressed in Sec. III. No absorption by the SiH 4 gas has been observed at the wavelengths investigated.
III. SiH AND Si MEASUREMENTS AND ABSOLUTE DENSITY DETERMINATION
The SiH radical has been measured on the A 2 ⌬ ←X 2 ⌸ electronic transition around 414 nm. A part of the absorption spectrum as measured for an arc current of 66 A and a H 2 and SiH 4 flow of 0 sccs and 2 sccs, respectively, is given in Fig. 3 . The stepsize in laser wavelength was 5 ϫ10 Ϫ4 nm, and for every wavelength has been measured without and with SiH 4 plasma. The measured absorption by SiH in Fig. 3 has been corrected for a small, broadband background absorption, which will be addressed shortly. In Fig.  3 , also the simulated spectrum of the SiH A 2 ⌬(vЈϭ0) ←X 2 ⌸(vЉϭ0) band is given as calculated by the program LIFBASE. 32 The simulation has yielded a rotational temperature of 1800Ϯ300 K for SiH in this particular condition. Assuming the kinetic gas temperature equal to this rotational temperature in the calculation of the Doppler broadening yields a laser linewidth of 3 pm.
The SiH density measurements presented have been performed by scanning over the Q 1 (11.5) rotational line at 413.46 nm and the Q 1 (14.5) and R 2 (1.5) rotational lines at 413.72 nm and 413.75 nm, respectively ͑see Fig. 3͒ . The Q 1 lines split up in two ⌳-doubling components but these are not resolved for the Q 1 (11.5) case. The rotational temperature for the different plasma conditions has been extracted from the relative magnitude of the Q 1 (14.5) and R 2 (1.5) lines, which have been measured in one scan. The SiH density in a particular sublevel has been determined by using the Einstein absorption coefficient calculated from LIFBASE. 32 The total ground state density of SiH has been determined from the relative population densities of the measured sublevels using the measured rotational temperature and an estimated vibrational temperature. The vibrational temperature has been assumed equal to the average of the rotational temperature ͑ϳ1500 K͒ and the vibrational temperature determined from optical emission spectroscopy ͑OES͒ on excited SiH ͑ϳ3000 K͒. 3 It is expected that these values form the lower and upper limit, respectively, of the vibrational temperature of ground state species. This estimation introduces an uncertainty of ϳ20% in the absolute density. It has been found that the total SiH densities derived from both the Q 1 (11.5) line and the combination of Q 1 (14.5) and R 2 (1.5) lines are in agreement within a factor of 2-3. In the calculation of these absolute densities from the line-of-sight CRDS measurements, a homogeneous SiH density over 30 cm has been assumed. This assumption on the absorption path length has been based on Abel inverted, lateral CRDS measurements of SiH 3 . 23 Although the SiH 3 density showed a more complex radial dependence, the assumption of a homogeneous distribution over 30 cm leads to a good estimate of the SiH 3 density in the center of the reactor.
To determine the ground state Si density, the Si(3p 2 3 P 0 ) and Si(3p 2 3 P 1 ) densities have been measured using the transitions Si(4s 3 P 1 ←3p
at 250.7 nm, and Si(4s 3 P 1 ←3p 2 3 P 1 ) at 251.9 nm. These measurements have been performed by scanning the laser over the different absorption lines. A background absorption by SiH 3 radicals has been observed for these measurements as will be discussed below. Furthermore, special attention has been addressed to the determination of under these strongly absorbing conditions. The densities in the specific states have been determined from the absorption corrected for the SiH 3 background using the Einstein absorption coefficients. 33 For the calculation of the Doppler broadening a gas kinetic temperature equal to the rotational temperature of SiH has been used yielding a laser linewidth of ϳ1.4 pm. The density of Si has again been assumed to be homogeneously distributed over 30 cm. The values for the Si(3p 2 3 P 1 ) density as determined from the two transitions showed very good agreement. The total ground state density of Si has been determined from the densities in the two sublevels taking into account their statistical weight and relative populations. 33 For this calculation, thermal equilibrium has been assumed. For the relatively high gas temperature in the ETP this means that the three Si ground state sublevels 3p 2 3 P 0 , 3 P 1 , and 3 P 2 are almost equally populated per statistical weight, whereas the populations of the sublevels 3p 2 1 D 2 and 1 S 0 are negligibly small. Although this is a reasonable assumption because direct electron excitation processes are insignificant in the ETP technique due to the low electron temperature, 15 preferential population of sublevels, e.g., by dissociative recombination reactions of ions with electrons ͑see Sec. IV͒ cannot totally be excluded. The total ground state Si density determined from the Si(3p 2 3 P 0 ) density and from the Si(3p 2 3 P 1 )
FIG. 3. Part of the measured and simulated spectrum of the A 2 ⌬←X 2 ⌸ transition of SiH in the expanding thermal plasma. In the simulations only the vЈϭ0←vЉϭ0 transitions are taken into account and the spectrum is shifted vertically for clarity. The plasma settings are: 55 sccs Ar, 2 sccs SiH 4 , 0 sccs H 2 , and an arc current of 66 A. The rotational temperature determined from the simulation is 1800Ϯ300 K and the laser linewidth is 3 pm. The rotational lines used to determine the SiH density ͓Q 1 (11.5), Q 1 (14.5), and R 2 (1.5)͔ and rotational temperature ͓ratio Q 1 (14.5) and R 2 (1.5)͔ are indicated.
density ͑average value͒ showed agreement within 50%.
As mentioned, a broad background absorption has been observed for both the SiH and Si radical measurements. The background absorption for the Si measurements around 251 nm can be attributed to absorption by SiH 3 on the Ã 2 A 1 ←X 2 A 1 transition centered at 215 nm and with a broad absorption peak ranging from 200-260 nm. 34 The broadband absorption by SiH 3 within the region 247-253 nm together with the SiH 3 measurements within the range 215-227 nm have actually been used to determine the SiH 3 density in the plasma. 24 The measurements at both wavelength regions fit perfectly to the SiH 3 absorption band measured by Lightfoot et al. 24 The SiH 3 densities determined by CRDS furthermore showed a very good correlation with threshold ionization mass spectrometry measurements of SiH 3 . 3, 23, 24 It is, therefore, established that the broadband absorptions measured around 220 nm and around 250 nm are due to SiH 3 .
The origin of the relatively small, broadband absorption observed in the SiH measurements and ranging at least from 407 to 414 nm is still unclear. The broadband absorption within this wavelength region showed also some correlation with the SiH 3 absorption values ͑and thus also with the mass spectrometry measurements͒. For this reason, we have extensively considered the possibility of Rayleigh scattering and absorption by Si dust particles in the plasma. 18, 25 Such particles could lead to the apparent CRDS absorption values within the three wavelength regions ͑''absorption'' for 10 sccs H 2 and 10 sccs SiH 4 :6.9ϫ10
Ϫ3 at 217 nm, 2.1ϫ10 Ϫ3 at 250 nm, and 3.0ϫ10 Ϫ4 at 413 nm͒ because the scattering and absorption cross sections for such particles decrease with increasing wavelength. For different assumptions on size and optical constants of dust particles, the apparent absorption due to scattering and absorption by such particles has been examined. This, however, revealed a significant different dependence on the wavelength as the one experimentally observed. The aforementioned agreement of the absorptions in the regions 215-227 nm and 245-253 nm with the literature SiH 3 absorption band showed at least much better agreement. Moreover, the broadband absorptions at all the three wavelength regions appeared and disappeared instantaneously ͑time resolution is ϳ1 s͒ when the SiH 4 flow was switched on and off. The absorptions reached also immediately their steady state value. Such a fast generation of particles without a continuous increase in scattering and absorption due to growth of the particles on a longer time scale is very improbable. This is especially the case for the ETP technique with its low electron temperature. The low electron temperature makes negative ion formation rather improbable while also confinement of negatively charged particles in the plasma is inefficient due to the low sheath potential. Furthermore, we recall the very good agreement between the SiH 3 densities determined from CRDS and from mass spectrometry. 23 Due to the large variety in possible plasma species, a broadband absorption by other species, potentially related to the SiH 3 density, is certainly possible.
IV. RESULTS AND DISCUSSION

A. Production and loss mechanisms of SiH
In order to obtain clear insight into the production and loss mechanisms of SiH, but also of SiH 2 and Si as will be discussed, a well-defined investigation of the SiH density has been carried out as a function of the SiH 4 flow. This investigation has been performed for conditions with a pure Ar operated plasma source. The reason is that it is expected that SiH in the ETP technique is mainly created by ion-induced reactions rather than from subsequent radical-radical reactions. 3, 27, 29 This investigation under ion-dominated plasma source conditions has been performed with different arc current settings, which basically yield different flows of ions from the plasma source. The trend in SiH density in Fig. 4 confirms our expectations based on previously proposed reaction processes in the ETP technique, 3,27,29 but we have tried to gain a better and more quantitative confirmation by means of a simple plug down model. In this one-dimensional model, [35] [36] [37] several reactions are taken into account for an axial flow of Ar ϩ and SiH 4 from the arc outlet and injection ring towards the substrate holder. At the substrate holder, the species either deposit or disappear into the background. Based on experimental observations, 38 the axial velocity is set to decrease with increasing distance from the plasma source. The velocity is ϳ800 m/s at the position of the SiH 4 injection ring and ϳ100 m/s at the position of the CRDS measurements ͑i.e., at 3.6 cm from substrate holder͒. Furthermore, expansion of the beam in radial direction is taken into account. In Fig. 4 , the simulated densities of SiH are shown and apparently the production and loss of SiH can be understood from the following reactions in the plasma. with rϩ2sϭ1 or rϩ2sϭ2. In general, the dissociative recombination of SiH x ϩ ions can also lead to SiH 2 and Si radicals. 3 The branching ratios are however unknown and it is also unclear in which form the hydrogen ͑H or H 2 ͒ is split off. Furthermore, the energy produced in the recombination process can lead to electronic excitation of SiH.
Reaction ͑4͒ leads to a strong reduction of the ion and electron density. However, for conditions with high Ar ϩ flows and low SiH 4 The rate for this reaction is ϳ5ϫ10 Ϫ17 m 3 s Ϫ1 at the pressure of 0.2 mbar in the downstream region. 10 We expect the production of the hydrogen deficient Si 2 H 3 radical to be the dominant channel, because Si 2 H 5 * needs collisional stabilization. Some pressure dependence of the reaction rate has been observed by Nomura et al., 10 however, only for pressures higher than 0.25 mbar. For lower pressures the reaction rate appears to be constant. 10 Furthermore, charge transfer reactions between Ar ϩ and H 2 are taken into account because at lot of H 2 is produced in the SiH 4 dissociation processes. The ArH ϩ created by the charge transfer reaction can subsequently recombine with electrons. 41 This process leads to an additional reduction of the ion and electron density.
As can be seen in Fig. 4 , the model with these reactions reproduces the observed trends in SiH density very well. At 45 A, the SiH density increases with increasing SiH 4 flow up to the point at which the SiH 4 flow is approximately equal to the Ar ϩ flow from the arc. From that point, Reaction ͑6͒ becomes significant and the SiH density decreases with increasing SiH 4 flow. The trend at 75 A is similar but due to Reaction ͑5͒ the SiH density is lower at low SiH 4 flows. Furthermore, a higher SiH density is reached at sufficiently high SiH 4 flows and the loss of SiH by Reaction ͑6͒ becomes only apparent at higher SiH 4 flows. In addition to the fact that more Ar ϩ ions emanate from the arc at 75 A, also the higher depletion of SiH 4 for this condition 30 . 29 The reaction rates in the model are furthermore equal to the literature values within a factor of 2-4. Considering the assumptions in the model, this is a fairly good agreement. Some difference might also be expected from the fact that the gas temperature in the ETP technique is significantly higher than the temperatures for which the reaction rates have been determined ͑typically between 300 and 500 K͒. The agreement in absolute density is obtained by adjusting the ͑unknown͒ branching ratios for the recombination reactions of SiH x ϩ ͓Reaction ͑4͔͒. In Fig. 5 , the rotational temperatures are shown that correspond to the density measurements in Fig. 4 . The rotational temperature of ground state species in the plasma is usually equal to the kinetic gas temperature, and from this it is obvious that the gas temperature ͑at 3.6 cm from the substrate holder͒ is relatively high in the ETP technique. The temperature of typically 1500 K is in good agreement with other temperature measurements. 42, 43 No significant dependence of the temperature on the SiH 4 flow has been observed, but it appears that the gas temperature is slightly higher at higher arc currents and thus higher plasma powers. In Fig. 5 , also the rotational temperature of electronically excited SiH is given as obtained by OES. There is a good agreement with the CRDS data but this can be pure coincidence. The rotational distribution of excited species as measured in emission can be completely determined by their creation mechanism while full thermalization of excited SiH by collisions within its radiative lifetime ͑534 ns͒ is improbable.
Finally, we will argue that the production and loss of SiH 2 and Si in the expanding thermal plasma is governed by FIG. 5 . SiH rotational temperature corresponding to the SiH densities in Fig. 4 . The temperature refers to a position of 3.6 cm from the substrate holder and 32 cm from the cascaded arc outlet. The rotational temperature determined by OES on electronically excited SiH ͑Ref. 3͒ is given for comparison for the condition with 10 sccs SiH 4 and 45 A arc current. similar reactions as for SiH. 3 The reason for this is that SiH 2 and Si, in contrast with SiH 3 , can also be created by the dissociative recombination reaction of SiH x ϩ , xр3 with electrons ͓Reaction ͑4͔͒. Furthermore, SiH 2 and Si are known to be also rather reactive with SiH 4 .
16,40
B. Si and SiH density and their contribution to a-Si:H film growth
In Sec. IV A, it has been concluded that SiH, as well as Si, are produced in reactions initiated by Ar ϩ from the cascaded arc. This has important implications for the production of SiH and Si as a function of the H 2 flow added to the Ar in the arc. As discussed in Sec. I, there is a large ion flow from the arc at low H 2 flows and it is therefore expected that a significant amount of SiH 4 is dissociated into SiH and Si in this case. Increasing the H 2 flow on the other hand, leads to a drastic decrease of the ion flow 29, 30 and a much smaller production of SiH and Si is expected under these circumstances. 3, 24 The smaller production rate can lead to a decreasing importance of these radicals for film growth and can possibly explain the improvement of the a-Si:H film quality with increasing H 2 flow. 27 Here, we will investigate the contribution of SiH and Si to film growth. From this study, we will test this hypothesis and investigate whether the contribution of these radicals can ͑partially͒ compensate for the decreasing contribution of SiH 3 to film growth for decreasing H 2 flows as observed in Fig. 1 .
In Fig. 6 , the total densities of Si and SiH are given as determined by the procedures described in Sec. III for a SiH 4 flow of 10 sccs and an arc current of 45 A. The total ground state Si density has been determined from both the Si(3p 2 3 P 0 ) and Si(3p 2 3 P 1 ) density. The density of Si and SiH show the same dependence on the H 2 flow. The Si and SiH density are both higher at very low H 2 flows, which can be understood from the higher ion flows from the cascaded arc for these conditions. The Si density is about one order of magnitude lower than the SiH density. This can possibly be attributed to a lower production rate of Si ͓determined by the branching ratios of Reactions ͑3͒ and ͑4͔͒ but also to a higher loss rate of Si. The rate for the reaction
is 3.5ϫ10 Ϫ16 m 3 s Ϫ1 16 and, consequently, larger than the rate of Reaction ͑6͒ for SiH. For Reaction ͑7͒, no pressure dependence of the reaction rate has been observed for the pressures of interest and, therefore, primarily production of Si 2 H 2 is expected. 16 Furthermore, it is important to note that the absolute density of Si is about three and the absolute density of SiH is about two orders of magnitude lower than the density of SiH 3 in the expanding thermal plasma. For comparison, at the typical flow of 10 sccs H 2 in the arc the SiH 3 density is ϳ4 -8ϫ10 18 m
Ϫ3
. 3, 22, 23, 24 The lower density of Si and SiH is also reflected in their contribution to film growth as shown in Fig. 7 . The contribution of Si and SiH has been determined from their density n SiHx by the expression
with v the thermal velocity of Si and SiH close to the substrate, s and ␤ their sticking and surface reaction probability, respectively, R dep the deposition rate, 3, 27 and N Si the Si atomic density in a-Si:H ͑depending on plasma settings͒. 27 For SiH sϭ␤ϭϳ0.95 44, 45 and for Si it is generally assumed that sϭ␤ϭϳ1 on the basis of its hydrogen deficiency. 1, 46 We note that the uncertainty in the density but also the uncertainty in the other parameters in Eq. ͑8͒, introduces a rather large uncertainty in the absolute value of the contribution of Si and SiH to film growth. 24 Furthermore, we have used the Si and SiH density determined at a distance of 3.6 cm from the substrate holder.
As can be seen in Fig. 7 , SiH and Si have only a relatively small contribution to film growth of ϳ2% and ϳ0.2%, respectively. Such a minor contribution has been expected for high H 2 flows at which SiH 3 radicals dominate film growth ͑see Fig. 1͒ , but apparently the contribution of Si and SiH is almost independent of the H 2 flow. Only at 0 sccs H 2 , there is a slightly higher contribution of SiH and Si, but the small increase can certainly not compensate for the reduced SiH 3 contribution. 3, 24 The observation that the contribution of SiH and Si to the growth flux is very weakly dependent on the H 2 flow is surprising because at low H 2 flows many more ions emanate from the plasma source. As mentioned, it is therefore expected that Reactions ͑3͒ and ͑4͒ are relatively more important at low H 2 flows. As discussed in Ref. 3 , there is also evidence for the higher production rate of Si and SiH from OES data. We will briefly repeat the argumentation for this evidence. In the ETP technique, the electron temperature is too low to lead to a significant electron-induced excitation of Si and SiH radicals in the plasma. Therefore, the only way to obtain electronically excited Si and SiH ͑i.e., Si* and SiH*͒ is the dissociative recombination step ͓Reaction ͑4͔͒ following the dissociative charge transfer reaction between an ion and SiH 4 . This implies that emission by radiative decay of these species actually indicates the recombination of SiH x ϩ ions with electrons and that the emission intensity actually represents the number of dissociative recombination events. 3 In Fig. 7 , the emission intensity of Si*(4s 1 P 1 →3p 2 1 S 0 , 390.6 nm͒ and SiH*(A 2 ⌬→X 2 ⌸,ϳ414 nm) per unit of time is given ͑in arbitrary units͒, while this intensity is also corrected for the amount of SiH 4 consumed at every plasma setting. This correction is performed by dividing the emission intensity by the SiH 4 consumption or, equivalently, by the deposition flux.
3 Figure 7 shows that at low H 2 flows, there is indeed relatively more Si* and SiH* emission than at high H 2 flows. The emission intensity per consumed SiH 4 decreases by a factor of 7 when going from 0 sccs H 2 to 15 sccs H 2 .
3 This decrease suggests that the relative ͑i.e., per consumed SiH 4 ͒ production rate of Si ͑Ref. 47͒ and SiH radicals is higher at low H 2 flows. However, considering the weak H 2 flow dependence of the Si and SiH contribution to film growth, it implies furthermore that the loss rate of Si and SiH radicals, e.g., by reactions with SiH 4 , is relatively higher at low H 2 flows.
As concluded from Fig. 4 , at 10 sccs SiH 4 and 45 A arc current, the SiH density is already significantly affected by the reaction of SiH with SiH 4 ͓Reaction ͑6͔͒. For Si, this is probably even more important because Reaction ͑7͒ has a larger rate than Reaction ͑6͒. We, therefore, expect that at 3.6 cm from the substrate holder, and thus 32 cm from the arc outlet, a significant amount of the Si and SiH produced has already reacted to ͑hydrogen deficient͒ disilane radicals. For the conditions with no or very low H 2 flows, it is expected that a relatively larger part of the recombination reactions takes place at a position closer to the SiH 4 injection ring. At this position a strong recombination of the ions will take place until the ion and electron density have sufficiently been reduced. 29 Under these circumstances, the Si and SiH radicals have consequently on the average a longer pathway through the SiH 4 gas and therefore they can undergo relatively more reactions with SiH 4 . This is one plausible reason for a relatively stronger loss of Si and SiH at very low H 2 flows and consequently for the weak H 2 flow dependence of their contribution to film growth.
As already mentioned, the contribution of Si and SiH cannot compensate for the decreasing contribution of SiH 3 for decreasing H 2 flows in the arc as observed in Fig. 1 . Therefore, the decreasing contribution of SiH 3 has to be compensated by other neutral species. 29 On the basis of the results presented, we conclude that at these low H 2 flows in the arc, the a-Si:H film growth is probably for a large part governed by reactive, hydrogen deficient polysilane radicals. Disilane radicals are created from the Si, SiH, and also SiH 2 radicals by, for example, Reactions ͑6͒ and ͑7͒. These hydrogen deficient radicals are most probably also very reactive with SiH 4 leading, consequently, to trisilane and further polysilane radical formation. A large contribution of such very reactive radicals at very low H 2 flows has also been indicated by overall surface reaction probability measurements. 3, 48 The overall surface reaction probability, which depends on the flux of different species to the substrate and on each of their surface reaction probabilities, increases with decreasing H 2 flow. At high H 2 flows, the value of the overall surface reaction probability is ϳ0.3, which is approximately equal to the surface reaction probability for SiH 3 . The value of ϳ0.5 at 0 sccs H 2 , however, suggests a significant contribution of more reactive plasma species. 3, 48 A relatively large contribution of reactive polysilane radicals is, therefore, also a plausible reason for the relatively poor film properties obtained at very low H 2 flows. Their reactive nature leads to columnar film growth with a high surface roughness and high film porosity. 27 Finally, we will briefly compare the Si and SiH density and their contribution to film growth in the ETP technique with those in the conventionally used rf driven SiH 4 plasmas. In these parallel plate reactors, the densities of Si and SiH have been investigated by several groups 1, 7, 8, 11, 15 and it has been found that these densities are also relatively low and that Si and SiH are not very important for film growth in terms of deposition rate. Under optimum conditions, Si approaches typically a density of ϳ10 15 m Ϫ3 in rf plasmas 7, 15 while it can even be an order of magnitude higher when relatively high rf power or heavy Ar dilution is used. 1, 7, 15 For SiH, typical densities of around 10 16 m Ϫ3 have been reported. 1, 7, 11 On the basis of these studies, the minor contribution of Si and SiH in the expanding thermal plasma might not be surprising, especially for the conditions where solar grade film properties are obtained. The mentioned densities in rf plasmas are however quite similar to those in the expanding thermal plasma for high H 2 flows while the deposition rate in the ETP technique is a factor of 10-100 higher. Consequently, the contribution of Si and SiH to film growth is lower in the ETP case. Tachibana et al. 7 have reported contributions of Si and SiH in the range of 0.8%-8% and 1.4%-14%, respectively, whereas Kae-Nune et al. 1 have reported contributions of Si and SiH of 13Ϯ7% and 22 Ϯ13%, respectively. This lower contribution of Si and SiH in the expanding thermal plasma, together with the higher contribution of SiH 3 ͑as discussed in Ref. 24͒ , is actually rather remarkable as it might seem contradictory with the much higher deposition rate. This shows therefore that under certain conditions high deposition rates can be obtained without a simultaneous increase of the contribution of SiH x (xр2) radicals at the expense of the contribution of SiH 3 .
V. CONCLUSIONS
Cavity ring down absorption spectroscopy has been applied for the detection of Si and SiH radicals in the expanding thermal plasma. Absolute densities have been determined and the contribution of Si and SiH to film growth has been calculated. The rotational temperature of SiH furthermore revealed information about the gas temperature in the plasma. A typical temperature of ϳ1500 K has been observed.
From a study of the SiH density for different arc currents and as a function of the SiH 4 flow, the reaction mechanisms governing the production and loss of SiH and Si have been investigated. By means of a simple one-dimensional model, it has been demonstrated that Si and SiH are created by the combination of dissociative charge transfer and dissociative recombination reactions induced by ions emanating from the plasma source. At relatively high SiH 4 flows, the reaction of Si and SiH with SiH 4 is an important loss mechanism. On the basis of the low pressure in the downstream plasma, it is expected that these reactions lead mainly to the formation of hydrogen deficient disilane radicals.
The density of Si and SiH and their contribution to film growth have also been investigated for different H 2 flows in the cascaded arc plasma source. It has been shown that Si and SiH have only a minor contribution: the a-Si:H film growth is approximately 2% due to SiH and 0.2% due to Si radicals from the plasma. Furthermore, for both radicals, the contribution to film growth is almost independent of the H 2 flow. The SiH 4 dissociation reactions indicate that relatively more Si and SiH is produced at very low H 2 flows than at high H 2 flows and this is corroborated by OES measurements on electronically excited Si and SiH. The very weak H 2 flow dependence of their contribution has therefore been attributed to a higher relative loss of these radicals by reactions with SiH 4 at low H 2 flows. As a consequence, it is expected that the herein-created hydrogen deficient disilane and possibly other polysilane radicals are very important for film growth at very low H 2 flows. This can account for the relatively high overall surface reaction probability and relatively poor film quality obtained under these conditions.
